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Abstrat
We disuss tree level three and four point sattering amplitudes in type II string models with
matter elds loalized at the intersetions of D-brane wrapping yles. Using onformal
eld theory tehniques we alulate the four fermion amplitudes. These give "ontat"
interations that an lead to avour hanging eets. We show how in the eld theory
limit the amplitudes an be interpreted as the exhange of Kaluza-Klein exitations, string
osillator states and strethed heavy string modes.
1 Introdution
The disovery of D-branes as non-perturbative objets in any theory of open and losed
strings has led to great progress in our understanding of the struture of string theory.
Furthermore, with the orrespondene between D-branes and gauge theories their status as
objets of fundamental importane to string phenomenology has been well established.
The requirement of hirality has led to a number of senarios involving D-branes. These
inlude D-branes on orbifold singularities [1℄ and more reently interseting brane models [2,
3℄, whih exploit the fat that hiral fermions an arise at brane intersetions [4℄. The
spetrum is then determined by the intersetion numbers of the D-branes whih wrap some
ompat spae. This gives a simple topologial explanation of family repliation whih is
rather attrative.
The suess of the interseting brane senario in produing semi-realisti models has been
well doumented, for example refs.[2, 5, 6, 7, 8, 9, 10, 11, 12, 13℄. It is possible to onstrut
models similar to the standard model [14, 15, 16, 17, 18, 19℄ and also models with N=1
supersymmetry [20, 21, 22, 23℄, although this latter possibility is more diult to ahieve.
Reently, attention has been diverted to a more detailed analysis of the phenomenology of
suh models [24, 25℄. In partiular, omputation of yukawa ouplings [26, 27, 28℄ and avour
hanging neutral urrents [29℄. This paper details the omputation of the three point and
four point funtions of string states loalised at interseting branes. These results allow the
estimation of other important onstraints on viable ongurations of interseting branes.
Muh of our analysis will be aided by the tehnology disussed in [30, 31℄ for losed
strings on orbifolds. This is due to an analogy between twisted losed string states on
orbifolds and open strings at brane intersetions. This analogy is the subjet of our rst
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Figure 1: intersetions at right angles
setion. As a warm up we then proeed to a determination of the lassial part of the three
point funtion, for whih the omputation runs along similar lines to the losed string ases
in [32, 33℄. The omplete alulation of the four point funtion follows. We will onsider the
four point funtion on only 2 sets of interseting branes, so that the lassial part is atually
somewhat easier to deal with than the three point funtion. The quantum part we evaluate
using CFT tehniques.
2 Remarks on losed and open string twisted states
In order to alulate the three point and four point funtions, we will make use of the analogy
between open string states that are strethed between branes at angles and losed string
twisted states on orbifolds. This analogy allows us to make use of the CFT tehnology rst
disussed in ref.[31, 30℄. Hene, this rst setion will be devoted to a desription of this
orrespondene.
Let us rst onsider string states at an intersetion with branes at right angles, in a pair
of dimensions X1, X2. The set up is as shown in gure 1. We will refer to the omplex world
sheet oordinate as z˜ and map the spae-time oordinates onto it diretly, X1 + iX2 = z˜.
Consider the Green funtion at a point in the plane for X1. To alulate this we an use
the method of images as shown in the gure. The boundary ondition is Neumann on the
X1 axis and Dirihlet on the X2 axis, so to take aount of this we need 3 images with the
Green funtions of those at negative X2 being added negatively. The total Green funtion
is given by
G(z˜, w˜) = G0(z˜, w˜) +G0(z˜, w˜)−G0(z˜,−w˜)−G0(z˜,−w˜) (1)
= −α
′
2
ln
|z˜ − w˜|
|z˜ + w˜|
|z˜ − w˜|
|z˜ + w˜| (2)
Now map the world-sheet to the usual upper half plane by making the onformal transfor-
mation z2 = z˜. In these oordinates the Green funtion beomes
G(z, w) = −α
′
2
ln
|√z −√w|
|√z +√w| −
α′
2
ln
|√z −√w|
|√z +√w| , (3)
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Figure 2: The images for branes at pi/3, where ρ = e2pii/3.
whih an be reognized as the Green funtion of the original point in the upper half plane,
plus its image at w in the lower half plane, in the presene of a Z2 twist operator, σ+ ,
plaed at the origin [34, 35, 30℄. Consequently vertex operators involving states with ND
boundary onditions must inlude suh operators. Note that if the string has a Neumann
ondition at both ends (e.g. if only one end was attahed to the X1 brane with the seond
end free) we would add all the images and nd the usual untwisted Green funtion
G(z, w) = −α
′
2
ln |z − w| − α
′
2
ln |z − w|. (4)
For more general angles one expets the appropriate twisted Greens funtions to appear.
Indeed, writing the omplex boson as X = X1 + iX2, we an proeed in a similar manner,
as shown in gure 2 for pi/3. The total ontribution to the Green funtion is given by the
sum of the images;
G(z˜, w˜) =
m−1∑
l=0
ρlG0(z˜, ρ
lw˜) + ρlG0(z˜, ρ
lw˜) (5)
where ρ = e
2piil
m
and the intersetion angle is taken to be pi/m. Again transforming to the
upper half plane with z = z˜m we nd
G(z, w) =
m−1∑
l=0
ρlG0(z
1
m , ρlw
1
m ) + ρlG0(z
1
m , ρlw
1
m ) (6)
(where the
1
m roots are the trivial ones) whih we reognize as the Green funtion of the
original point in the upper half plane, plus its image at w in the lower half plane, in the
presene of a Zm twist operator, σ+ , at the origin [30℄.
This is of ourse entirely onsistent with the frational mode expansion of string states
strethed between branes. In partiular, onsider a string strethed between two D-branes
3
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Figure 3: A `twisted' open string state
interseting at an angle piϑ, as depited in gure 3. The boundary onditions are,
∂τX
2(0) = ∂σX
1(0) = 0,
∂τX
1(pi) + ∂τX
2(pi) cot(piϑ) = 0,
∂σX
2(pi) − ∂σX1(pi) cot(piϑ) = 0,
(7)
whih determine the holomorphi solutions to the string equation of motion to be,
∂X(z) =
∑
k αk−ϑz
−k+ϑ−1,
∂X¯(z) =
∑
k α¯k+ϑz
−k−ϑ−1.
(8)
We an dene the worldsheet oordinate, z = −eτ−iσ, whih has domain the upper-half
omplex plane. This an be extended to the entire omplex plane using the `doubling trik',
i.e. we dene,
∂X(z) =
{
∂X(z) Im(z) ≥ 0
∂¯X¯(z¯) Im(z) < 0
, (9)
and similarly for ∂X¯(z).
The mode expansion in (8) is idential to that of a losed string state in the presene
of a ZN orbifold twist eld (with the replaement
1
N = ϑ). Thus an open string strethed
between interseting D-branes is analogous to a twisted losed string state on an orbifold
and to take aount of this we introdue a twist eld σϑ(w, w¯) that hanges the boundary
onditions of X to be those of eq.(7), where the intersetion point of the two D-branes is at
X(w, w¯). Then, in an idential manner to the losed string ase, we obtain the OPEs,
∂X(z)σϑ(w, w¯) ∼ (z − w)−(1−ϑ)τϑ(w, w¯),
∂X¯(z)σϑ(w, w¯) ∼ (z − w)−ϑτ ′ϑ(w, w¯),
(10)
where τ ′ϑ and τϑ are exited twists. Also, the loal monodromy onditions for transportion
around σϑ(w, w¯) are,
∂X(e2pii(z − w)) = e2piiϑ∂X(z − w),
∂X¯(e2pii(z − w)) = e−2piiϑ∂X¯(z − w). (11)
The mode expansion for X is then,
X(z, z¯) =
√
α′
2
∑
k
(
αk−ϑ
k − ϑz
−k+ϑ +
α˜k+ϑ
k + ϑ
z¯−k−ϑ
)
, (12)
4
Figure 4: three point interation
with the right and left moving modes being mapped into upper and lower half planes. A
similar mode expansion is obtained for the fermions with the obvious addition of
1
2 to the
boundary onditions for NS setors.
3 Three point funtions
Now we proeed to alulate the lassial part of the three point funtion, whih in partiular
inludes the yukawa interations. We will onsider the ase of a ompatied spae whih is
fatorizable into 2 tori, T2×T2×T2, and in whih branes A,B,C wrap one yles LA,B,C. As
shown in gure 3, the string states are loalised at the verties of a triangle whose boundary
onsists of the D-branes whih wrap the internal spae. One would expet the amplitude
to be dominated by an instanton, and to be proportional to e−
1
2piαA
where A is the area of
the triangle worldsheet (also, due to the toroidal geometry we would expet a ontribution
from wrapped triangles). This expetation is born out in the following alulation.
Denote the spaetime oordinates of our torus subfator by X = X1 + iX2 and X¯ =
X1 − iX2. The bosoni eld X an be split up into a lassial piee, Xcl, and a quantum
utuation, Xqu. The amplitude then fatorises into lassial and quantum ontributions,
Z =
∑
〈Xcl〉
e−SclZqu. (13)
Xcl must satisfy the string equation of motion and possess the orret asymptoti behaviour
near the triangle verties.
The three point funtion requires 3 twist verties, σϑi(zi, z¯i), orresponding to the three
relevant intersetions of the D-branes. These verties are attahed to the boundary of the
tree-level dis diagram whih an be onformally mapped to the upper-half plane. Then our
lassial solution ∂Xcl is determined, up to a onstant, by its holomorphiity and asymptoti
behaviour at eah D-brane intersetion, whih is given by the OPEs in eq.(10). Hene,
mapping the spaetime oordinates X and X¯ into the worldsheet oordinate z, we obtain,
∂Xcl(z) = aω(z), ∂X¯cl(z) = a¯ω
′(z),
∂¯Xcl(z¯) = bω¯
′(z¯), ∂¯X¯cl(z¯) = b¯ω¯(z¯),
(14)
where,
ω(z) =
∏3
i=1(z − zi)−(1−ϑi) ω′(z) =
∏3
i=1(z − zi)−ϑi , (15)
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and a, a¯, b, b¯ are normalisation onstants. Here we have used the doubling trik whih also
requires that a∗ = b¯ and a¯ = b∗ (upto a phase). We an therefore write,
Scl =
1
4piα
(
|a|2
∫
d2z|ω(z)|2 + |a¯|2
∫
d2z|ω′(z)|2
)
, (16)
The ontribution to Scl from |ω′(z)| diverges, hene we set a¯ = 0.
The normalisation onstants are determined from the global monodromy onditions, i.e.
the transformation of X as it is transported around more than one twist operator, suh that
the net twist is zero. We determine this from the ation of a single twist operator, σϑ(w, w¯).
In the losed string ase this eld ats to rotate and shift X(z, z¯);
X(e2piiz, e−2piiz) = θX(z, z) + v (17)
where θ is a omplex phase fator with phase piϑ, and v is over a oset of the toroidal
ompatiation lattie Λ whih depends on the xed point f ;
v = (1− θ)(f + Λ). (18)
Ignoring the lattie for the moment, the equivalent statement for open strings at intersetions
is that
X(e2piiz, e−2piiz) = e2piiϑX + (1− e2piiϑ)f, (19)
where f is the intersetion point of the two D-branes. This an be seen from the loal mon-
odromy onditions (11) and the fat that f must be left invariant. The global monodromy
of X is then simply a produt of suh ations. On integrating around 2 twist elds, the
strings are embedded in the target spae as shown in gure 5. The portion of integration
around eah vertex takes X(z, z¯) from one brane to another, while integrating between two
verties introdues a shift along that partiular brane.
To determine the shifts, we must onsider triangles that wrap the torus and whose
verties are at the same intersetion points. (Other shifts would ontribute to other three
point funtions.) Keeping f1 xed and extending the triangle as shown in gure 6, we obtain
a ontribution to the same three point funtion provided,
xA = kALAB|IAB | xC = kALCB|ICB|, (20)
where kA, kB ∈ Z, Iij is the intersetion number of branes i and j and Lij is the displaement
between suessive i, j intersetions along the ith brane. Using ongrueny of the triangle
we obtain,
kA = l
|ICB |
gcd(|ICB |,|IAB |)
kC = l
|IAB |
gcd(|ICB |,|IAB |)
, (21)
where l ∈ Z. On the other hand, if we instead keep f2 xed we obtain,
kA = l
′ |ICB |
gcd(|ICB |,|IAC |)
kB = l
′ |IAC |
gcd(|ICB |,|IAC |)
, (22)
where l′ is a dierent integer. Hene our lattie shifts must be of the form,
xA(l) = l
|ICB|LA
gcd(|ICB|, |IAB |, |IAB|) , (23)
and similar for xB,C with the obvious replament of indies, but with the same l. This is
similar to the ase disussed in ref.[28℄.
Considering all losed urves, Ci, with net twist zero, we obtain the global monodromy
onditions,
∆CiX =
∮
Ci
dz∂X(z) +
∮
Ci
dz∂¯X(z¯) = vi, (24)
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Figure 5: Transporting X(z, z¯) around two twist elds
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Figure 6: Wrapping triangles
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In our ase there is only one independent, net twist zero, losed urve. This is shown in
gure 7. We have set z1 = 0, z2 = 1 and z3 →∞ using SL(2,R) invariane and the dashed
lines denote branh uts. Evaluating the ontour integral we get,∮
C
dzω(z) = −(−z∞)−(1−ϑ3)4 sinpiϑ2 sinpiϑ1epiiϑ1 Γ(ϑ1)Γ(ϑ2)
Γ(1− ϑ3) , (25)
where phases from branh uts are determined by starting at S, whih we assume is in the
prinipal branh of eah fator in the integrand. The global monodromy ondition (24) is
independent of this onvention provided we order the transformations (19) aording to the
path taken around the urve C, again starting at S. This gives,
∆CXcl = 4 sinpiϑ1 sinpiϑ2e
−i(ϑ1−ϑ2)(f1 − f2 + xA(l)), (26)
substituting (26) and (25) into (24) we then determine,
|a|2 = | − z∞|2(1−ϑ3)|f1 − f2 + xA(l)|2 Γ(1− ϑ3)
Γ(ϑ1)Γ(ϑ2)
. (27)
We also require the integral,∫
d2z|ω(z)|2 = | − z∞|−2(1−ϑ3) sinpiϑ2(Γ(ϑ2))2 Γ(ϑ3)Γ(ϑ1)
Γ(1− ϑ3)Γ(1 − ϑ1) , (28)
whih an be performed using the method of [36℄ to relate open and losed string amplitudes.
Finally, substituting (28) and (27) into (16) we obtain,
Scl =
∑
l∈Z
1
2piα′
(
sinpiϑ1 sinpiϑ2
2 sinpiϑ3
|f1 − f2 + xA(l)|2
)
. (29)
This is, as expeted, the area of the triangle (and wrappings) dened by the interseting
D-branes that is swept out by the string worldsheet.
0 1
C
s
Figure 7: Closed urve with net twist zero required for global monodromy ondition.
4 Four point funtions
Having onrmed the eay of the onformal eld theory tehniques, let us now turn to the
four point funtion on two sets of branes interseting at angles. Proesses involving ontat
interations between 4 fermions have previously only been onsidered for orthogonal D branes
in ref.[37℄. For theories with branes at angles these proesses are partiularly important
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beause the setor of hiral fermions is rather independent of the general set up, whereas
the salars are more model dependent and may be tahyoni. As for the orthogonal ase, we
shall see that the proesses get ontributions from intermediate Kaluza-Klein exitations,
winding modes and string exitations.
The massless fermions of interest appear in the Ramond setor with harges, qi=0..3 for
the 4 omplex transverse fermioni degrees of freedom given by one of the following;
q = (+ 12 , ϑ1 − 12 , ϑ2 − 12 , ϑ3 − 12 )
q = (± 12 ,± 12 , ϑ2 − 12 , ϑ3 − 12 )
q = (± 12 ,± 12 ,± 12 , ϑ3 − 12 )
(30)
depending on the type of intersetion. For example D6 branes interseting in (T2)
3
are of
the rst kind. The GSO projetion leaves only one 4D spinor, and the theory is hiral.
For speial values of angles (0 for example) supersymmetry may be restored, but generally
supersymmetry is ompletely broken, and the salars an be heavy or tahyoni. Fermions
for D5 branes interseting in (T2)
2 × C/ZN are of the seond kind. Initially the GSO
projetion will leave only half the spae time spinor degrees of freedom leaving a non-hiral
theory. Hene a further orbifolding on the 1st omplex dimension is required to get a hiral
theory. Finally D4 branes interseting in T2 × C2/ZN orrespond to the last hoie. Again
the GSO projetion leaves 4 states whih need to be further projeted out by orbifolding
in the C2 dimensions. The partiular orbifoldings do not eet the Ramond harges above
so the quantum part of the amplitude will be unaeted by it. The lassial part of the
amplitude depends purely on the world sheet areas. However as the orbifolding is orthogonal
to the spae in whih the branes are wrapping, it will not aet the lassial part either.
The only aet of the orbifolding is therefore in projeting out the hiralitites above. In
addition we shall not onsider orientifolding whih does not eet the quantum part of the
inetration, exept in so far as it determines the gauge groups. For the lassial part, one
would expet ompliation due to the presene of image branes, but these ould be treated
as essentially separate branes for the present disussion. Hene our results an be easily
adapted to those ases as well.
The four fermion sattering amplitude is given by a dis diagram with 4 fermioni vertex
operators in the −1/2 piture, V (a) on the boundary. The diagram is then mapped to the
upper half plane with verties on the boundary. The positions of the verties (x1 . . . x4) will
eventually be xed by SL(2,R) invariane to 0, x, 1,∞ (where x is real), so that the 4 point
ordered amplitude an be written
(2pi)4δ4(
∑
a
ka)A(1, 2, 3, 4) =
−i
gsl4s
∫ 1
0
dx〈V (1)(0, k1)V (2)(x, k2)V (3)(1, k3)V (4)(∞, k4)〉.
(31)
To get the total amplitude we sum over all possible orderings;
Atotal(1, 2, 3, 4) = A(1, 2, 3, 4) +A(1, 3, 2, 4) +A(1, 2, 4, 3)
+ A(4, 3, 2, 1) +A(4, 2, 3, 1) +A(4, 3, 1, 2). (32)
The vertex operators for the fermions are of the form
V (a)(xa, ka) = const λ
a uαS
α
∏
i
σϑi e
−φ/2eika.X(xa). (33)
Here uα is the spae time spinor polarization, and S
α
is the so alled spin-twist operator of
the form
Sα =
∏
i
: exp(iqiHi) : (34)
9
with onformal dimension
h =
∑
i
q2i
2
, (35)
and σϑi is the ϑ twist operator ating on the i'th omplex dimension, with onformal di-
mension
hi =
1
2
ϑi(1 − ϑi). (36)
The alulation of the 4-point funtion of the bosoni twist operators an be done analogously
to the losed string ase [31℄, with only minor modiations to take aount of the image
Green funtion and the fat that the verties are on the real axis.
For ompleteness we now outline the derivation. Consider the ontribution from a sin-
gle omplex dimension in whih the branes interset with angle ϑpi. We begin with the
asymptoti behaviour of the Green funtion in the viinity of the twist operators. As we
saw earlier, we take aount of the world-sheet boundary by adding an image harge. The
Green funtion an then be written
G(z, w; zi) = g(z, w; zi) + g(z, w; zi) (37)
where g(z, w; zi) is the usual Green funtion for the losed string. It has the following
asymptotis
g(z, w; zi) ∼ 1
(z − w)2 + finite z → w
∼ 1
(z − x1,3)−ϑ z → x1,3
∼ 1
(z − x2,4)−(1−ϑ) z → x2,4
∼ 1
(w − x1,3)−(1−ϑ) w → x1,3
∼ 1
(w − x2,4)−ϑ w → x2,4
(38)
and as we have seen the holomorphi elds are
∂X(z) ≡ ωϑ(z) = [(z − x1)(z − x3)]−ϑ[(z − x2)(z − x4)]−(1−ϑ)
∂X(z) ≡ ω1−ϑ(z) = [(z − x1)(z − x3)]−(1−ϑ)[(z − x2)(z − x4)]−ϑ. (39)
This half of the Green funtion may now be determined upto an additional term usually
denoted A by inspetion;
g(z, w; zi) = ωϑ(z)ω1−ϑ(w)
{
ϑ
(z − x1)(z − x3)(w − x2)(w − x4)
(z − w)2
+ (1− ϑ) (z − x2)(z − x4)(w − x1)(w − x3)
(z − w)2 +A
}
. (40)
Next one onsiders
〈T (z)σ−σ+σ−σ+〉
〈σ−σ+σ−σ+〉 = limw→z[g(z, w)−
1
(z − w)2 ]
=
1
2
ϑ(1− ϑ) ((z − x1)−1 + (z − x3)−1 − (z − x2)−1 − (z − x4)−1)2
+
A
(z − x1)(z − x2)(z − x3)(z − x4) (41)
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where for shorthand we denote σ± ≡ σϑ±1 , and ompares it to the OPE of T (z) with the
twist operator
T (z)σ+(x2) ∼ hi
(z − x2)2 +
∂x2σ+(x2)
(z − x2) + . . . (42)
Equating oeients of (z−x2)−1, and then using SL(2, R) invariane to x (x1, x2, x3, x4) =
(0, x, 1, x∞) yields a dierential equation for 〈σ−σ+σ−σ+〉 of the form
∂x ln
[
xϑ(1−ϑ)∞ 〈σ−σ+σ−σ+〉
]
= ∂x ln
[
(x(1 − x))−ϑ(1−ϑ)
]
− A(x)
x(1 − x) (43)
where
A(x) = −x−1∞ A(0, x, 1, x∞). (44)
All that remains is to determine A(x) whih an be done using monodromy onditions for
∂zX∂wX. We proeed along the same lines as in the three point alulation and onsider
the two independent loops Ci around ombinations of twists that add up to zero (again
using the doubling trik), applying the global monodromy onditions (24). On enirling a
twist σ+f1 assoiated with states at intersetion f1, plus antitwist, σ
−
f2
, at intersetion f2 the
quantum part of ∂X should be invariant. There are two independent pairs of twists and
integrating around the the orresponding losed loops yields
A(x) =
x(1 − x)
2
∂x ln [F (x)F (1 − x)] (45)
where F (x) is the hypergeometri funtion
F (x) = F (ϑ, 1− ϑ; 1;x) = 1
pi
sin(ϑpi)
∫ 1
0
dy y−ϑ(1− y)−(1−ϑ)(1− xy)−ϑ (46)
Inserting this into eq.(43), we nd a ontribution from the produt of ϑi twisted bosons of
∏
i
〈σ+(x∞)σ−(1)σ+(x)σ−(0)〉 = const (x∞x(1− x))
−ϑ.(1−ϑ)
[F (1 − x).F (x)]1/2 . (47)
In this expression we use a dot to indiate the produt of the ontributions from eah
omplex dimension. When we ollet all the ontribution together the dependene on ϑi
anels between the bosoni twist elds and the spin-twist elds giving
A(1, 2, 3, 4) = −gsα′(λ1λ2λ3λ4 + λ4λ3λ2λ1)
∫ 1
0
dxx−1−α
′s(1− x)−1−α′t 1
[F (1−x).F (x)]1/2
× [u(1)γµu(2)u(4)γµu(3)]∑ e−Scl(x)
(48)
where s = −(k1 + k2)2, t = −(k2 + k3)2, u = −(k1 + k3)2 are the usual Mandlestam
variables. We an hek this expression against that in ref.[37℄ where the branes onsidered
were orthogonal D7 branes and D3 branes. The quantum part of the above expression
with intersetions in two omplex subplanes should agree with that from four ND fermions
attahed to two sets of oinident D3 branes and a stak of D7 branes. We nd agreement
upto a fator of F (1− x)/F (x) in the integrand.
We now turn to the lassial ontribution to the four point funtion whih an be al-
ulated as for the three point funtion. On integrating around the losed loops we again
an have arbitrary shifts vi along the D-branes. Consider enirling a twist σ
+
f1
assoiated
with states at intersetion f1, plus antitwist, σ
−
f2
, at intersetion f2. The orresponding
open strings an enirle one of the branes appearing at the intersetion determined by the
relative positions of σ+f1 and σ
−
f2
with respet to the branh uts in the eld X . The two
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Figure 8: Joined pairs of twisted/antitwisted states.
possibilities are shown in gure 8. A twisted state at f2 followed by an anti-twisted state at
f1 orresponds to a shift (1− θ)(f1− f2+ΛA) where ΛA is an integer number of shifts along
the A-brane. Note that f1 − f2 is in this ase a vetor along the A brane as well. An anti-
twisted state at f1 followed by twisted state at f2 auses a shift (1− θ)(f1− f2+ΛB) where
now ΛB is an integer shift along the B brane and f1 − f2 is now the displaement between
the points along the B-brane. The vertex ordering in the dis diagram means that in the
amplitude the fator
∑
e−Scl now splits into separate sums over ΛA or ΛB,
∑ ≡ ∑ΛA,ΛB .
The lassial ation is then found to be
Scl =
sinϑpi
4piα′τ
(|v′A|2 + τ2|v′B|2) , (49)
where in the sums over ΛA we have
v′A,B = ∆
i
A,Bf + nLA,B, (50)
Here n ∈ Z, and LA,B are vetors in the two torus desribing the wrapped D-branes. We
have dened ∆iA,Bf to be the displaement between the intersetions involved in the Ci
loop taken along the A,B brane, and we inlude both ombinations (i.e. i = 1, 2 going
respetively with A,B or B,A). In addition we have dened τ(x) = F (1−x)F (x) for onveniene.
(For Z2 twists, i.e. intersetions at right-angles, this would be the modular parameter of a
fake annulus but it has no suh interpretation for more general intersetions.)
To illustrate, onsider the generi open string four point diagram, shown in g 9. In
this ase one expets the ation to go as the area. To show this we an use a saddle
point approximation for the x integral in A(1, 2, 3, 4). This gives τ(xs) = |v′A|/|v′B| where,
for strings strethed between f1 and f2 propagating along the A-brane diretion we hoose
∆Af = f3−f2 and∆Bf = f1−f2. This is the leading ontribution, but there is an additional
ontribution to the amplitude where the displaement is ∆Af = f1− f2 measured along the
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Figure 9: The leading ontribution to a generi four point diagram.
A-brane and ∆Bf = f2 − f3 measured along the B-brane. This orresponds to diagrams
where a string strethed between f2 and f3 propagates in the f1 − f2 diretion, as shown in
g.10.
The auray of the saddle approximation is a funtion of the width of the saddle, given
by
√
4piα′/Rc ∼ lsRc , where Rc is the ompatiation sale (Rc ∼ LA, LB). Thus, as
expeted the approximation of world-sheet instanton suppression breaks down when the
size of the world sheet is omparable to the D-brane thikness. Substituting bak into the
ation we nd
A(1, 2, 3, 4) ∼
∑
ΛA,ΛB
fermion− factors×
(
4piα′
Rc
)2
exp
(
− 1
2piα′
sinϑpi |v′A||v′B|
)
. (51)
We nd the expeted suppression from the mass of the intermediate strethed string state,
times by an instanton suppression fator again given by the area of the world sheet. As
pointed out in ref.[29℄ diagrams suh as this an lead to large avour hanging proesses
suh as τµ→ µe if the ompatiation sale is too small.
Diagrams whih do not expliitly violate avour, suh as µ+µ− → e+e− annot be
ompletely approximated this way. For suh proesses the intersetion separation in the
leading term v′B = ∆Bfee for one pair of twist operators is zero, and so this term annot
be treated as above. Consider the summation over ΛA in v
′
A for the other pair, whose
separation is v′A = ∆Afeµ + nLA. Poisson resumming we nd
∑
e−Scl =
∑
pA∈Λ∗A
√
4pi2α′τ
L2A sinϑpi
exp
[
−4pi
3α′τ
sinϑpi
p2A
]
exp [2pii∆feµ.pA] + subleading (52)
where pA ∈ Λ∗Ais summed over the dual lattie;
pA =
nA
|LA|2LA. (53)
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Figure 10: The rst subleading ontribution to the same amplitude.
This expression desribes the leading exhange of gauge bosons plus their KK modes along
the A brane. (The subleading terms (those with v′B = nBLB with integer nB 6= 0) an
still be treated using the saddle point approximation above.) To obtain the eld theory
result, we take the limit of oinident verties; x → 0 or x → 1. For example the former
ontribution an be evaluated using the asymptotis
F (x) ∼ 1 , τ ∼ F (1− x) ∼ 1
pi
sinϑpi ln
δ
x
(54)
where δ is given by the digamma funtion ψ(z) = Γ′(z)/Γ(z);
δ = exp(2ψ(1)− ψ(ϑ)− ψ(1 − ϑ)). (55)
We nd
A(1, 2, 3, 4) = gs
[
u(1)γµu
(2)u(4)γµu(3)
] 2pi√α′
LA
√
sinϑpi
(56)
×
(
1
s
+ 2
∞∑
n=1
cos (2pi∆feµ.pn) δ
−α′M2n
s−M2n
)
, (57)
where Mn = n/2piLA, and pn = nLA/|LA|2. This result agrees with a naive eld theory
alulation as shown in ref.[29℄, provided that α′M21 ≪ 1. (That is, the brane separation
should again be larger than the brane thikness.) This an lead to severe avour hanging
eets due to the KK mode ontribution whih is avour non-universal. We should note
here that this is not in ontradition with the fat that there is an overall translational
U(1) symmetry on the torus, sine the result is a funtion of the relative displaement. The
leading term orresponds to massless gauge boson exhange so that we an normalize the
oupling to the measured Yang-Mills ouplings in the obvious way.
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The extension to higher dimensional interseting branes follows straightforwardly, and
we now nd that the form fator δ−α
′M2n
naturally provides the UV ut-o whih in the
eld theory has to be added by hand. Physially the ut-o arises beause the intersetion
itself has thikness ∼ √α′, and thus annot emit modes with a shorter wavelength.
5 Conlusion
In summary, we have disussed the alulation of three point amplitudes for open strings
loalised at D-brane intersetions. We omputed the four point ontat interation at tree
level for diagrams involving fermions living at two sets of interseting D-branes. For the
four point funtions we were able to adapt the tehniques of ref.[31℄ to the open string ase,
so that by onsidering the onformal eld theory we obtained the required information to
ompute the entire ontat interation. It reeives ontributions from both KK modes and
heavy string modes. The obvious extension of this work would be to alulate the four point
funtions on three sets of interseting branes. This would allow us to fatorize the four
point funtions on the three point Yukawa ouplings yielding additional information about
the latter. In addition we onsidered only the simplest kind of toroidal ompatiation,
and it would be interesting to ontemplate the same proess in more ompliated set-ups,
and also to apply it to a realisti SM-like model.
More generally these alulations may be used to disuss or support more generi eld
theoreti ideas in set-ups with fermions loalized in extra dimensions. For example, in
a parallel work [29℄, it has been demonstrated in that very low (TeV) string sales are
inompatible with the experimental absene of FCNCs. When the ompatiation sale is
small we enounter subleading avour hanging diagrams involving strethed strings. When
it is large it is instead the KK modes whih ontribute to FCNCs. Taken together these
two ontributions onstrain the string sale. There are many oneptual problems when
disussing that type of eet that annot be addressed in eld theory. For example, sums
over Kaluza-Klein modes an diverge, so that it is generally neessary to provide a UV ut-
o. As is well known, in the string alulation suh a divergene should always be naturally
regulated at the string sale, and this indeed happens automatially for the interations
disussed here. This has already been seen in the literature in for example [38℄.
Note Added
Whilst this paper was in the nal stages of preparation we reeived ref.[39℄ whih also
disusses the alulation of both 3 and 4 point funtions.
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